Introduction {#sec1}
============

Radioiodine therapy is a conventional and effective treatment for differentiated thyroid cancer (DTC), which is based on the ability of thyroid follicular cells to concentrate radioiodine via the sodium-iodide symporter (NIS).[@bib1], [@bib2] As previously reviewed by our team, in nearly half of the DTC patients with persistent or recurrent or metastatic lesions,[@bib3] however, tumors go through a dedifferentiation process and lose the ability to take up radioiodine, which is named radioiodine-refractory DTC (RR-DTC).[@bib4] A major mechanism underlying the development of RR-DTC is the aberrant silencing of iodine-metabolizing genes in thyroid cancer cells, such as *NIS*, thyroglobulin (*TG*), thyroid-stimulating hormone receptor (*TSHR*), and thyroperoxidase (*TPO*).[@bib5] Furthermore, RR-DTC patients have a dismal prognosis, with an overall survival of 10% at 10 years.[@bib6] Fluorodeoxyglucose (FDG)-avid lesions can be usually identified in such patients due to the overexpression of glucose transporter type 1 (*GLUT1*) gene.[@bib5], [@bib7], [@bib8]

Histone acetylation at the promoter area is a well-established mechanism in the upregulation of gene expression, which, through chromatin remodeling, opens up the access of gene promoters to transcription factors. Conversely, histone deacetylation causes blocking of gene promoters from binding with the transcription factors, resulting in gene silencing.[@bib9] Iodine-metabolizing gene silencing is also related to histone deacetylation, and histone deacetylation (HDAC) inhibitors could induce the expression of iodine-metabolizing genes and radioiodine uptake in thyroid cancer cells and even in certain nonthyroid epithelial cancer cells.[@bib10], [@bib11], [@bib12], [@bib13] Additionally, HDAC inhibitors can also suppress the expression of *GLUT1*.[@bib14] Unfortunately, clinical studies have demonstrated that inhibiting HDAC alone could only induce radioiodine uptake in RR-DTC patients, but therapeutic effect could not be achieved either used alone or in combination with radioiodine.[@bib15], [@bib16]

Recently, iodine-metabolizing gene silencing in thyroid cancer has been revealed to be associated with aberrant activation of the mitogen-activated protein kinase (MAPK) pathway, which is frequently caused by the *BRAF*^V600E^ mutation.[@bib7] Increasing evidence, including our previous study, has demonstrated that MAPK inhibitors and multikinase inhibitors can induce redifferentiation in thyroid cancer;[@bib10], [@bib17], [@bib18] however, their clinical effectiveness to restore ^131^I uptake remains insufficient.[@bib19] Although the clinically tested MEK inhibitor selumetinib has shown promising redifferentiation efficacy, it unfortunately seemed to be most effective in thyroid cancers with an *NRAS* mutation, leaving the question of how to treat the more commonly found *BRAF*^V600E^ mutation that is associated with poor prognosis unanswered.[@bib20] More recently, *BRAF*^V600E^-specific inhibitor dabrafenib demonstrated new radioiodine uptake in 60% of 10 patients with *BRAF*^V600E^-mutant iodine-refractory papillary thyroid cancer (PTC), but an objective response of only 20%.[@bib21] It can be concluded that the redifferentiation effect of MAPK inhibitors, to date, also remains to be improved.

Inspiringly, it has been demonstrated that the MAPK pathway downregulates histone acetylation in the important transcriptional factor-binding sites of iodine-metabolizing gene promoters, which ultimately causes the aberrant silencing of iodine-metabolizing genes in thyroid cancer.[@bib22] The *NIS* promoter is most commonly affected by *BRAF*^V600E^ mutation-triggered HDAC, resulting in silencing of the *NIS* gene. We, therefore, hypothesize that simultaneously inhibiting HDAC and the MAPK pathway may yield a synergistic effect on thyroid-specific gene expression and radioiodine uptake in thyroid cancer cells. In this study, we tested whether the simultaneous inhibition of HDAC and the MAPK pathway can induce a more intense redifferentiation effect and result in higher radioiodine uptake and toxicity than the sole inhibition of HDAC. The impact of such a combined therapy on *GLUT1* expression was also assessed.

Results {#sec2}
=======

Effects on Cell Proliferation and Cell Cycle {#sec2.1}
--------------------------------------------

We had set a concentration gradient in pre-experiments. Dabrafenib at 0.1 μM and selumetinib at 2.5 μM were found to induce a preferable redifferentiation effect in BCPAP and K1 cells.[@bib23] The half-maximum inhibitory concentrations (IC~50~) of panobinostat in BCPAP cells, K1 cells, and BHP 2-7 cells were 62, 148, and 64 nM, respectively. MAPK inhibitor (MAPKi) (dabrafenib or selumetinib) sensitized BCPAP and K1 to dose-dependent inhibition by panobinostat. When 0.1 μM dabrafenib/2.5 μM selumetinib was added to BCPAP and K1 cells, the IC~50~ of panobinostat decreased significantly to 26/51 nM (BCPAP cells) and 21/40 nM (K1 cells), respectively; the IC~50~ of panobinostat in BHP 2-7 dropped to 59/62 nM. Therefore, panobinostat at 0.05 μM, dabrafenib at 0.1 μM, and selumetinib at 2.5 μM were used in the following experiments.

When BCPAP cells were treated with panobinostat or MAPKi (dabrafenib or selumetinib) alone for 24 h, the proportion of G1-phase cells was larger than that in the DMSO control group; when they were treated with panobinostat in combination with MAPKi (dabrafenib or selumetinib), more cells were arrested in the G1 phase than in the panobinostat alone-treated group (p \< 0.01) ([Figure 1](#fig1){ref-type="fig"}). Results were similar in K1 cells. In BHP 2-7 cells, the number of G1 cells treated with panobinostat was larger than that in the DMSO control group, but the proportion of G1 cells in the MAPKi (dabrafenib or selumetinib)-treated BHP 2-7 cells was not significantly different from that in the DMSO control group; and the number of G1 cells in the combined treatment group was not significantly different from that in the panobinostat-treated group.Figure 1Cell Cycle of BCPAP, K1, and BHP2-7 Treated with 0.05 μM Panobinostat and 0.1 μM Dabrafenib/2.5 μM Selumetinib Individually, in Combination, or with DMSO for 24 hIn BCPAP and K1 cells treated with panobinostat or MAPKi (dabrafenib or selumetinib) alone, the proportion of G1-phase cells was more than that in the DMSO control group. More cells were arrested in G1 phase when cells were treated with panobinostat in combination with MAPKi (dabrafenib or selumetinib). The number of G1 cells in panobinostat-treated BHP 2-7 cells was more than that in DMSO control; proportions of G1 cells in MAPKi (dabrafenib or selumetinib)-treated BHP 2-7 cells were not significantly different from that in the DMSO control, and the number of G1 cells in the combined treatment group was not significantly different from that in the panobinostat-treated group.

Inhibition of the MAPK Pathway {#sec2.2}
------------------------------

As shown in [Figure 2](#fig2){ref-type="fig"}, treatment of cells with MAPKi (dabrafenib or selumetinib) for 48 h preferentially inhibited the phosphorylation of ERK in BCPAP and K1 cells, whereas it had no significant effect on ERK phosphorylation in BHP 2-7 cells. Panobinostat had no effect on ERK phosphorylation in all the cells.Figure 2Western Blot of Lysates of BCPAP, K1, and BHP 2-7 Treated with 0.05 μM Panobinostat and 0.1 μM Dabrafenib/2.5 μM Selumetinib Individually or in Combination for 48 hDMSO was used as the vehicle control. In (A), cells were treated with panobinostat and dabrafenib alone or in combination; in (B), cells were treated with panobinostat and selumetinib individually or in combination. Both panobinostat and panobinostat combined with dabrafenib/selumenitib can induce histone H3 acetylation in the three cell lines, but there was no distinct difference of global acetylation of histone H3 between HDACi alone and HDACi combined with MAPKi. In addition, they have no effect on ERK1/2 phosphorylation. Dabrafenib and selumetinib block ERK1/2 phosphorylation in BCPAP and K1, but they have no effect in BHP2-7. Besides, it has no effect on histone H3 acetylation. Con, DMSO control; Pa, panobinostat; Da, dabrafenib; Se, selumetinib.

Effect on the Acetylation Status of Histone {#sec2.3}
-------------------------------------------

Panobinostat for 48 h dramatically enhanced the global acetylation of histone H3 in all the three cell lines. No effect of MAPKi (dabrafenib or selumetinib) on the global acetylation of histone H3 was found. Compared with panobinostat treatment, no enhancement of global acetylation of histone H3 was observed when MAPKi (dabrafenib or selumetinib) was added ([Figure 2](#fig2){ref-type="fig"}).

To further investigate the acetylation status of histone at the NIS gene promoter, we performed a chromatin immunoprecipitation (ChIP) assay. As shown in [Figure 3](#fig3){ref-type="fig"}, in *BRAF*^V600E^-mutant BCPAP cells, treatment with dabrafenib resulted in a significant increase in H3K9/14 acetylation and H4K16 acetylation at the *NIS* promoter, while selumetinib increased only H4K16 acetylation at the *NIS* promoter (p \< 0.05). Panobinostat significantly increased both H3K9/14 and H4K16 acetylation at the *NIS* promoter (p \< 0.05). Selumetinib as well as panobinostat improved only H4K16 acetylation at the *NIS* promoter in K1 cells (p \< 0.05). The addition of dabrafenib/selumefinib showed further increased histone acetylation at the *NIS* promoter compared with panobinostat alone in BCPAP and K1 cells (p \< 0.05). In BHP 2-7 cells, MAPKi (dabrafenib or selumetinib) had no effect on histone acetylation at the *NIS* promoter; however, panobinostat significantly improved H3K9/14 and H4K16 acetylation. Compared with panobinostat alone, the combination with an MAPK inhibitor (MAPKi) did not further increase histone acetylation in BHP 2-7 cells.Figure 3Effects of MAPKi or HDACi Alone or in Combination on H3K9/14 Acetylation and H4K16 Acetylation at the Human NIS Promoter in ChIP AssayIn BCPAP (A), both dabrafenib and panobinostat resulted in increasing H3K9/14 acetylation and H4K16 acetylation at the NIS promoter, while selumetinib increased only H4K16 acetylation at the NIS promoter. Selumetinib as well as panobinostat improved only H4K16 acetylation at the NIS promoter in K1 cells (B). The combination therapies showed further increased histone acetylation at the NIS promoter compared with panobinostat alone in BCPAP and K1. In BHP2-7 cells (C), MAPKi has no effect on histone acetylation at the NIS promoter, however, HDACi significantly improved H3K9/14 and H4K16 acetylation. Compared with HDACi alone, the combination with MAPKi did not further increase histone acetylation in BHP2-7. The levels of histone acetylation were expressed as fractions of the input DNA. Each bar is expressed as the mean ± SD of values. \*p \< 0.05 compared with DMSO-treated cells. \*\*p \< 0.05 for comparison with the panobinostat-treated group. Pa, panobinostat; Da, dabrafenib; Se, selumetinib.

Effect on the Expression of Iodine- and Glucose-Metabolizing Genes {#sec2.4}
------------------------------------------------------------------

In all the three PTC cells, treatment with panobinostat for 48 h increased the mRNA levels of iodine-metabolizing genes, decreased mRNA levels of *GLUT1*, but did not change the expression of *GLUT3* (p \< 0.05) ([Figure 4](#fig4){ref-type="fig"}). After treatment with MAPKi (dabrafenib or selumetinib), iodine-metabolizing gene expression in BCPAP cells and K1 cells increased, *GLUT1* expression decreased (p \< 0.05), whereas the expression of iodine- and glucose-metabolizing gene in BHP 2-7 cells did not change evidently ([Figure 4](#fig4){ref-type="fig"}). Combined treatment with panobinostat and MAPKi (dabrafenib or selumetinib) in BCPAP and K1 cells induced a higher expression level of iodine-metabolizing genes and a lower expression level of *GLUT1* than in the HDAC inhibitor (HDACi)-treated group (p \< 0.05), whereas, in BHP 2-7 cells, mRNA levels of iodine-metabolizing genes in combined treatment groups were similar to those in the panobinostat-treated group ([Figure 4](#fig4){ref-type="fig"}).Figure 4Effects of 0.05 μM Panobinostat and 0.1 μM Dabrafenib/2.5 μM Selumetinib, Alone or in Combination, on the mRNA Levels of *NIS*, *TG*, *TPO*, *TSHR*, and Glucose Transporter Isoform *GLUT1* and *GLUT3* Genes in BCPAP, K1, and BHP 2-7 CellsPanobinostat for 48 h increased the mRNA levels of iodine-metabolizing genes, decreased mRNA levels of *GLUT1*, but did not change the expression of *GLUT3* in all the cells. MAPKi (dabrafenib or selumetinib) only increased iodine-metabolizing gene expression and decreased glucose-metabolizing gene expression in *BRAF*^V600E^-mutant cells. The expression of iodine-metabolizing genes and glucose-metabolizing genes in BHP 2-7 cells was not affected by MAPKi. Combined treatment with panobinostat and MAPKi (dabrafenib or selumetinib) only induced a higher expression level of iodine-metabolizing genes and a lower expression level of *GLUT1* than the HDACi-treated group in *BRAF*^V600E^-mutant cells, whereas, in BHP 2-7 cells, mRNA levels of iodine-metabolizing genes and glucose-metabolizing genes in combined treatment groups were similar to those in the panobinostat-treated group. Data are presented as means ± SD. \*p \< 0.05 for comparison with DMSO control. \*\*p \< 0.05 for comparison with the panobinostat-treated group. Con, DMSO control; Pa, panobinostat; Da, dabrafenib; Se, selumetinib.

Confocal microscopy revealed robust expression of the NIS protein when treated with HDACi (panobinostat) or MAPKi (dabrafenib or selumetinib) in BCPAP cells and K1 cells, which was even more robust when the simultaneous inhibition of HDAC and MAPK was adopted. In BHP 2-7 cells, treatment with HDACi promoted NIS protein expression, but there was no obvious difference in fluorescence intensity when combined with MAPKi ([Figure 5](#fig5){ref-type="fig"}).Figure 5Confocal Microscopic Analysis of NIS Protein Expression*BRAF*^V600E^-mutant (A and B) and *BRAF*-wild-type (C) cells were treated with 0.05 μM panobinostat and 0.1 μM dabrafenib/2.5 μM selumetinib alone or in combination. The blue color represents DAPI nuclear staining and the green color represents NIS staining. NIS staining was negative in the DMSO-treated cells. NIS staining was notable in all cell lines treated with panobinostat. MAPKi (dabrafenib or selumetinib) alone only mildly enhanced NIS expression in BCPAP and K1, but it was invalid in BHP 2-7. Compared with the NIS expression of panobinostat-alone treatment, more robust expression of NIS was only seen in *BRAF*^V600E^-mutant cells when panobinostat and MAPKi (dabrafenib or selumetinib) were used in combination. Scale bars represent 25 μm in all panels. Da, dabrafenib; Se, selumetinib.

Radioiodine Uptake and Efflux Assay {#sec2.5}
-----------------------------------

Compared with DMSO-treated cells, radioiodine uptake was 2.52-fold higher in BCPAP cells (p \< 0.05), 3.16-fold higher in K1 cells (p \< 0.05), and 3.11-fold higher in BHP 2-7 cells (p \< 0.05) when incubated with panobinostat ([Figure 6](#fig6){ref-type="fig"}). When incubated with dabrafenib, radioiodine uptake was 1.72-fold higher in BCPAP cells and 1.64-fold higher in K1 cells compared to nontreated groups, and iodine uptake had no evident change in BHP 2-7 cells. When treated with selumetinib, radioiodine uptakes were 1.78-fold and 2.69-fold higher in BCPAP and K1 cells, respectively. However, a significant change of iodine uptake was not found in BHP 2-7 cells. Simultaneous suppression of HDAC and BRAF induced 3.73-fold and 5.03-fold higher iodine uptakes in BCPAP and K1 cells, respectively; dual suppression of HDAC and MEK induced 4.04-fold and 4.79-fold higher iodine uptakes in both *BRAF*^V600E^-mutant cell lines.Figure 6Radioactive Iodine Uptake in BCPAP Cells, K1 Cells, and BHP 2-7 CellsCells were treated with 0.05 μM panobinostat and 0.1 μM dabrafenib/2.5 μM selumetinib alone or in combination. HDACi increased the radioactive iodine uptake in all the cells, whereas MAPKi only enhanced radioactive iodine uptake in *BRAF*^V600E^-mutant cells. The addition of MAPKi further strengthened radioactive iodine uptake in *BRAF*^V600E^-mutant cells compared with HDACi alone, whereas combined therapies had no effect in *BRAF*-wild-type cells. Data are expressed as mean ± SD of values. \*p \< 0.05 compared with DMSO-treated cells. \*\*p \< 0.05 for comparison with the panobinostat-treated group. Con, DMSO control; Pa, panobinostat; Da, dabrafenib; Se, selumetinib.

Besides, compared with panobinostat treatment, combined therapy with MAPKi (dabrafenib or selumetinib) induced 1.62-fold (p \< 0.05) and 1.81-fold (p \< 0.05) higher iodine uptakes in BCPAP and 1.57-fold (p \< 0.05) and 1.52-fold (p \< 0.05) higher iodine uptakes in K1 cells. However, combined therapies did not significantly increase radioiodine uptake in BHP 2-7 cells.

Efflux assay showed a rapid efflux of radioactivity from the DMSO-treated BCPAP, K1, and BHP 2-7 cells, with half-lives of 6.74, 6.22, and 9.01 min, respectively. Interestingly, iodine retention was prolonged when treated with panobinostat, which could not be further strengthened when added with MAPKi (dabrafenib or selumetinib) ([Figure 7](#fig7){ref-type="fig"}).Figure 7Radioactive Iodine Efflux in BCPAP Cells, K1 Cells, and BHP 2-7 CellsCells were treated with 0.05 μM panobinostat and 0.1 μM dabrafenib/2.5 μM selumetinib alone or in combination. Panobinostat prolonged the retention time of radioactive iodine in all the cells. MAPKi (dabrafenib or selumetinib) had no effect in all the cells. Panobinostat combined with MAPKi (dabrafenib or selumetinib) did not further prolong retention time compared with panobinostat alone in all the cells. Data are expressed as mean ± SD. Con, DMSO control; Pa, panobinostat; Da, dabrafenib; Se, selumetinib.

*In Vitro* Clonogenic Assay {#sec2.6}
---------------------------

In both *BRAF*^V600E^-mutant cell lines, the numbers of colonies decreased significantly after radioiodine treatment when pretreated with panobinostat or MAPKi (dabrafenib or selumetinib) alone (p \< 0.05), compared to DMSO-treated controls ([Figure 8](#fig8){ref-type="fig"}). Compared with HDACi-treated groups, the numbers of colonies further reduced when combined therapies were performed (p \< 0.05) ([Figure 8](#fig8){ref-type="fig"}). The numbers of BHP 2-7 cell colonies were significantly reduced after radioiodine treatment when pretreated with HDACi alone (p \< 0.05), which was not further amplified when added with MAPKi (p \> 0.05) ([Figure 8](#fig8){ref-type="fig"}).Figure 8*In Vitro* Clonogenic AssayData are represented as number of colonies in BCPAP cells, K1 cells, and BHP 2-7 cells treated with 0.05 μM panobinostat and 0.1 μM dabrafenib/2.5 μM selumetinib alone or in combination with (^131^I+) or without (^131^I−) ^131^I. The numbers of colonies in *BRAF*^V600E^-mutant cells decreased significantly after radioiodine treatment when pretreated with panobinostat or MAPKi (dabrafenib or selumetinib) compared to DMSO-treated controls. Compared with HDACi-treated groups, the numbers of colonies further reduced in *BRAF*^V600E^-mutant cells when combined therapies were performed. The numbers of BHP 2-7 cell colonies were significantly reduced after radioiodine treatment when pretreated with HDAC inhibitor alone, which were not further amplified when added with MAPKi. Data are expressed as mean ± SD. \*p \< 0.05 compared with DMSO-treated cells. \*\*p \< 0.05 for comparison with the panobinostat-treated group. Pa, panobinostat; Da, dabrafenib; Se, selumetinib.

Discussion {#sec3}
==========

The silencing of *NIS*, along with other iodine-metabolizing genes, characterizes RR-DTC and results in resistance to radioiodine treatment. Since HDAC contributes to the silencing of iodine-metabolizing genes in advanced cancers, an HDACi has been considered a promising agent to induce radioiodine uptake.[@bib24] Panobinostat is a potent pan-deacetylation inhibitor, which has previously been demonstrated to induce NIS expression in breast cancer cells and promote radioiodine uptake and sensitivity in anaplastic thyroid cancer cells.[@bib25], [@bib26] However, although various kinds of HDACis showed a redifferentiation effect in basic research, clinical translation was not smooth. Therefore, HDACi-induced restoration of radioiodine avidity needs to be refined.

Recently, the activation of the MAPK pathway has been revealed to downregulate histone acetylation, which provides a rationale for combining MAPK pathway antagonists with HDACis to exhibit a sustained and enhanced redifferentiation effect. Dabrafenib is a BRAF inhibitor and selumetinib is an MEK inhibitor; these MAPK inhibitors have displayed a modest redifferentiation effect in PTC patients.[@bib27] In the present study, MAPKi further enhanced HDACi-induced redifferentiation with more robust iodine-metabolizing gene expression, radioiodine uptake, and toxicity in PTC cells via simultaneously inhibiting the HDAC and MAPK pathways. Along with the previous study of Cheng et al.,[@bib24] the improvement of HDACi-induced redifferentiation efficacy by incorporating a BRAF/MEK inhibitor in our study intensified the redifferentiation potential of the MAPKi, which provides a basis for *in vivo* and clinical studies using the combined strategy to induce more effective radioiodine therapy.

Previous studies have demonstrated that BRAF inhibitors preferentially inhibit the proliferation of PTC cells that harbor the *BRAF*^V600E^ mutation.[@bib28], [@bib29], [@bib30] Similarly, in the present study, dabrafenib showed a *BRAF*^V600E^-dependent redifferentiation effect by preferentially suppressing MAPK signaling, inhibiting cell proliferation, arresting cell cycle, and regulating iodine- and glucose-metabolizing gene expression in *BRAF*^V600E^-positive PTC cells. The MEK inhibitor selumetinib also showed a redifferentiation effect in a *BRAF*^V600E^-dependent manner, but it had no significant effect in *BRAF* wide-type BHP 2-7 cells. The underlying mechanism of HDACi-induced upregulation of *NIS* gene expression via improving the acetylation status of histone at the promoter was elucidated directly by ChIP assay in our study. Moreover, compared with *BRAF*-wild-type cells, MAPKi further increased the HDACi-induced acetylation of histone at the *NIS* promoter in *BRAF*^V600E^-mutant cells, indicating a *BRAF*^V600E^-dependent redifferentiation effect of MAPKi. Such novel findings may lead to a precisely improved redifferentiation strategy of RR-DTC.

It is well known that the differentiation status of tumor cells can also be quantitatively reflected by glucose metabolism activity, which makes ^18^F-FDG PET very useful in evaluating the biochemical behavior of tumors. To the opposite of iodide-handling genes, glucose-metabolizing genes have been recognized to inversely correlate with the differentiation status of thyroid cancer. Radioiodine non-avid thyroid cancer lesions tend to be FDG avid due to intense glucose uptake and metabolism.[@bib17] A molecular mechanism underlying increased FDG uptake in RR-DTC is that dedifferentiation in thyroid cancer is accompanied by *GLUT1* upregulation.[@bib7], [@bib8] In the present study, the expression levels of *GLUT1* in PTC cells decreased significantly after the inhibition of HDAC or BRAF/MEK, and they were even lower after the dual suppression of both HDAC and BRAF/MEK, further demonstrating the improvement of the HDACi-induced differentiation effect, via adding the BRAF/MEK inhibitor, and providing a rationale for monitoring redifferentiation efficacy using ^18^F-FDG PET. *GLUT3* expression level was not significantly changed in the present study, which is consistent with Perrier's findings.[@bib31]

It is worthy of mentioning that the sufficient retention of radioiodine in tumors is one of the most important prerequisites for adequate radiation dose, which involves two steps of transport by cells, basolateral uptake and apical efflux.[@bib32] While iodine uptake is generated by the NIS presenting in the basolateral plasma membrane, efflux of iodine across the apical membrane is mediated by pendrin, *SLC5A8*, and *ClCn5*.[@bib33], [@bib34], [@bib35] Interestingly, the radioiodine efflux assay in our study showed that panobinostat alone prolonged iodine retention in all the cells, which is similar to its effect on anaplastic thyroid cancer (ATC) cells in previous study.[@bib26] However, compared with HDACi treatment, the addition of MAPKi (dabrafenib or selumetinib) did not further prolong radioiodine retention in all the PTC cells. It seems that MAPK inhibitors, unlike HDACis, may not affect the activity of apical membrane proteins. Actually, *in vivo* iodide anion not organized by TPO undergoes rapid efflux from follicular thyroid cells. Thus, a balance between NIS-mediated iodide uptake and TPO-inhibited efflux determines the intracellular concentration and radiation dose of radioiodine.[@bib35] In addition, that the retention time could not be further strengthened by combined therapies may also be explained by the inappropriate time window, which has been reflected by the differing redifferentiation efficacy of MAPKi between preclinical experiments and clinical trial.[@bib6]

In conclusion, this study demonstrated that MAPKi enhances HDACi-induced redifferentiation efficacy in PTC cells harboring *BRAF*^V600E^. It provides a basis for *in vivo* and clinical studies using both HDACi and MAPKi as adjuvant agents in radioiodine therapy, which may be translated to a potential therapeutic strategy for RR-DTC.

Materials and Methods {#sec4}
=====================

Cell Culture and Agents {#sec4.1}
-----------------------

The HDACi (panobinostat) and MAPK inhibitor (MAPKi, dabrafenib and selumetinib) (Medchem Express \[MCE\]) were made up to a stock solution of 10 mM in DMSO.

Three PTC cell lines were utilized in this study. The BCPAP cell line was purchased from the Chinese Academy of Science, and the K1 cell line was obtained from the Health Protection Agency culture collection. The BHP 2-7 cell line was kindly provided by the Division of Endocrinology, David Geffen School of Medicine, University of California, Los Angeles. They were all maintained at 37°C with 5% CO~2~ in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). All cell lines are authenticated for correct origin by short tandem repeat (STR) analysis. The passage of the cells at which the following evaluations had been performed is 10--20.

Oncogene Analysis and Cell Proliferation Assay {#sec4.2}
----------------------------------------------

Total RNA was prepared from the cells for oncogene analysis using an RNeasy kit (QIAGEN). Mutant *BRAF*^V600E^ and wild-type *NRAS* genes were confirmed in BCPAP and K1 cells. *RET/PTC1* rearrangement, wild-type genes of *BRAF* and *NRAS*, were confirmed in BHP 2-7 cells, as previously described by our team.[@bib23]

After cells were cultured with increasing concentrations of panobinostat and MAPKi (dabrafenib or selumetinib) alone or in combination for 24, 48, and 72 h, the Cell Counting Kit-8 (Dojindo Molecular Technologies) was used to detect cell proliferation. IC~50~ was calculated using GraphPad Prism 5.0.

Cell Cycle Analysis {#sec4.3}
-------------------

Cells (3.0 × 10^5^) were grown in 25-cm^2^ flasks overnight and incubated with panobinostat and MAPKi (dabrafenib or selumetinib) alone, in combination, or with DMSO for 24 h. Cells were fixed, washed, and resuspended in PBS containing 1.0 mg/mL RNase A and 1.0 mg/mL propidium iodide. Propidium iodide-stained cells were analyzed by flow cytometry (Becton Dickinson, USA).

RNA Extraction and Real-Time qRT-PCR Analysis {#sec4.4}
---------------------------------------------

Cells (3.0 × 10^5^) were seeded in 25-cm^2^ flasks and then treated with panobinostat and MAPKi (dabrafenib or selumetinib) individually, in combination, or with DMSO. After 48 h of treatment, total RNA was extracted using an RNeasy kit (QIAGEN), Total RNA (1 μg) was converted to cDNA on an iCycler Thermal Cycler (Bio-Rad) using a QuantiTect Reverse Transcription Kit (QIAGEN). Real-time qRT-PCR analysis was performed to evaluate the expression of thyroid genes on an ABI Prism 7900HT Sequence Detector (Applied Biosystems), using SYBR Green MasterMix (QIAGEN). The expression value of each gene (*NIS*, *TSHR*, *TG*, *TPO*, *GLUT1*, and *GLUT3*) was normalized to 18S cDNA to calculate the relative amount of RNA present in each sample.[@bib17]

Western Blotting Assay {#sec4.5}
----------------------

Cells were lysed in radio immunoprecipitation assay (RIPA) buffer. Equal amounts of total protein were separated on 6%, 8%, and 12% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Millipore). The membranes were then probed with the following primary antibodies: p-Erk1/2, Erk1/2, Ac-Histone H3, and Histone H3 (Cell Signaling Technology); and β-actin, 1:5,000 (Protein Tech). Membranes were then incubated with species-specific horseradish peroxidase (HRP)-conjugated antibodies. Protein bands in the membrane were visualized with ECL reaction reagents (Beyotime).

Immunofluorescent Localization of NIS {#sec4.6}
-------------------------------------

Cells (2.0 × 10^4^) were seeded in 6-well chamber slides. After 72 h of treatment with specific inhibitors, cells were fixed in 4% paraformaldehyde and blocked with 1% BSA. Cells were then incubated in succession with rabbit anti-NIS diluted at 1:100 (Protein Tech), Alexa Fluor 488-conjugated Goat anti-rabbit immunoglobulin G (IgG) secondary antibody diluted at 1:100 (Thermo Fisher Scientific), and DAPI. Confocal microscopy examination (Leica SP8, German) was performed to monitor NIS expression.

Iodine Uptake and Efflux Assay {#sec4.7}
------------------------------

Cells (1.5 × 10^5^) were seeded in 6-well plates and then incubated with panobinostat and MAPKi (dabrafenib or selumetinib) individually, in combination, or with DMSO for 48 h. Iodide uptake and iodine efflux assays were performed as previously described by our team.[@bib36]

Radioiodine Cytotoxicity Assay {#sec4.8}
------------------------------

Radioiodine cytotoxicity was performed as previously reported by our group with minor modification.[@bib36] Cells (4 × 10^2^) were seeded in 6-well plates and left 48 h to attach. 48 h after treatment with specific drugs, medium was discarded and cells were washed twice in PBS. The medium was then replaced with 1 mL RPMI 1640 in the presence or absence of 20 μCi Na^131^I for 6 h. At the end of the treatment, the radioactive medium was discarded, and cells were washed and left in regular culture medium for 7 days. Finally, cells were fixed in methanol and stained with crystal violet, and the number of colonies was counted.

ChIP Assay {#sec4.9}
----------

ChIP assay was performed with the EZ-Magna ChIP A kit (17-408, Millipore), according to the manufacturer's protocol. Briefly, protein and DNA was crosslinked by incubating cells with 37% fromaldehyde followed by quenching unreacted formaldehyde with glycine. Chromatin was sheared to lengths between 200 and 1,000 bp with sonication (Bioruptor, Diagenode), followed by incubation overnight at 4°C with anti-histone acetylation antibodies, including anti-acetylated H3K9/14 (06-599B, Millipore), anti-acetylated H4K16 (17-10101, Millipore), normal rabbit IgG (PP64B), and fully suspended protein A magnetic beads. Crosslinks of protein and DNA complexes were reversed by incubating with proteinase K at 62°C for 2 h with shaking after washing protein A beads-antibody and chromatin complexes with 500 μL washing buffer. Spin columns were used for DNA purifying. Human *NIS* primer corresponding to the defined region of the *NIS* promoter ([Figure 9](#fig9){ref-type="fig"}; [Table 1](#tbl1){ref-type="table"}) was used to perform real-time qPCR to detect DNA fragments obtained from ChIP.[@bib22]Figure 9The Schematic Diagram of the Primer Locations Relative to the NIS Gene Promoter and Gene BodyThe amplicon size is 323 bp (−629/−370).Table 1qPCR Primer of the *NIS* Promoter for ChIP StudiesPrimer Sequences (5′-3′)Amplicon Size (bp) and Nucleotide NumberNIS promoterforward GAGTGCTGAAGCAGGCTGTGC323 (−692/−370)reverse GGGAGCAGCTCGTGATTGTGG

Statistical Analysis {#sec4.10}
--------------------

All the experiments were done three times. The data on cell cycle assay were analyzed using the chi-square test. The remaining data on RT-PCR, ChIP, radioiodine uptake and efflux, and toxicity assays were analyzed using the independent-samples t test. All statistical analyses were performed using SPSS version 17.0. Significance was set as p \< 0.05.
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